Introduction
In recent years, the micro-structure control during solidification and subsequent cooling (SSC) process has attracted a great interest to effectively save the process energy especially in down stream process such as rolling. Near-netshape casting 1, 2) is one of the practical examples based on this concept. However, the thickness of the as-cast slab or strip is too thin to utilize a large reduction ratio for high quality of product in the following rolling or forging process. With respect to this problem, the refinement of g grain size (d g ) will reduce the critical strain necessary for the ferrite grain refinement in heat treatment process. 3) Beside the quality control of products, the micro-structure control such as the refinement of as-cast d g during SSC process is substantially profitable especially to continuous casting in viewpoint of the stability of operation and surface properties. For example, the d g coarsening may cause hot surface cracking of slabs in low alloy steels since it largely deteriorates the hot ductility. 4) Steel scrap generates and accumulated more year by year. In order to more utilize the steel scrap with impurities, the application of rapid SSC process has been elaborately investigated. The present understandings on the evolution of as-cast g grain structure are as follows:
(I) Higher cooling rate brings about fine d g 5,6) ; (II) Carbon content has some influence on the refinement 5) ; (III) Addition of phosphorus up to 0.2 mass% makes d g approximately half 7) ; (IV) Rapid grain growth of g occurs immediately after the completion of the transformation into a g single phase, or the transformation completion temperature 5, 8) 
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completion of transformation into a g single phase. 9) However, the above-mentioned investigations have adopted relatively low cooling rates less than 1 K/s. For more comprehensive understanding and the assessment of applicability of thin-slab casting, the g grain evolution behavior in higher cooling rates is key to study. Hence, the present authors developed a thin slab casting simulator in NIMS (National Institute for Materials Science) in order to simulate the macro-and micro-structure of thin slab and investigate the evolution of g grain structure in low carbon steels.
The previous studies by some of the present authors 7, 10) revealed that the phosphorus addition of 0.1 and 0.2 mass% in the thin-slab cast ingot had almost the same effect on the d g refinement but did not detailed the effect of minor addition less than 0.1 mass%. Hence, in the present paper, the authors investigated the phosphorus effect more precisely in the range between 0.01 and 0.1 mass% to discuss the mechanism of the d g refinement by phosphorus. In this context, the authors took a look at the effect of the addition of 0.1 % tin. Tin is also well-known as a b.c.c. stabilizer as well as phosphorus.
Experimental
In developing the simulator, we connected a mold set of parallel water-cooled walls under an induction heating type furnace with an MgO crucible inside the water-cooled copper container. The bottom of MgO crucible had a center hole that was stopped by an Al 2 O 3 pole. This apparatus enables us simulate the rapid SSC process in a compact sized unit.
The schematic drawing of the simulator is shown in Fig.  1 and the main specifications are listed in Table 1 . We can make the ingot with the size of 50 mm in thickness, 70, 110 or 150 mm in width and about 300 mm in height.
Mother materials for casting were prepared by pre-melting the mixture of metallic iron, carbon, silicon, manganese and phosphorus in a vacuum induction furnace with the base composition as shown in Table 2 . And then, they were machined into a ring with the outer diameter of 160 mm, the inner diameter of 80 mm and the height of 36 or 72 mm. Each ring weighed 4.25 and 8.5 kg.
A set of rings that weighed 8.5, 12.75 and 17 kg for 75, 110 and 150 mm wide ingot casting respectively was put in the melting furnace and inductively heated until the complete melting after the chamber was filled by pure argon gas. Next, alloying agents such as carbon, ferro-manganese, ferro-silicon, iron phosphide and iron sulfide were added to adjust the steel composition and the metal was heated for three minutes for the complete mixing. Finally, the Al 2 O 3 stopper was withdrawn to open the bottom hole and the molten metal was poured into the downward mold through the Thermet (Mo-ZrO 2 ) or AG (Alumina-Graphite) nozzle preheated by the induction coil surrounding the mold.
The mold was composed of parallel water-cooled copper walls for long edge, BN walls for the short edge and dummy bar for the base. The general view of mold setup was represented in Fig. 2 . During casting, the whole mold traveled downward at an adjusted speed to avoid both the nozzle capture by solidified metal and the molten metal splash. After the casting, the metal was held in the mold for intended time, released from the copper mold and withdrawn further downward with dummy bar. Then, it was aircooled or water-air spray cooled to room temperature.
The cooling rate can be altered by either how to hold the ingot in the mold or how to operate the spray. The average cooling rate in the present study is defined as that in the range from 1 723 to 1 273 K in which the g grain grow mostly in the fully g phase region.
Temperature inside the ingot was measured by a thermocouple of Pt/Pt-13%Rh in the protection tube of Al 2 O 3 with the diameter of 6 mm. The tip was inserted from the center hole of base dummy bar and positioned at 50 mm downward from the center height of ingot. The monitored tem- Table 1 . Main specification of experimental apparatus. Table 2 . Chemical composition of pre-melted metal. perature was assumed to be equal to that at the position of micro-structure observation according to the preliminary survey. The micro-structure specimen was taken at the depth of 22 mm from the surface.
After the casting, the sample was taken out from the apparatus and subjected to chemical analyses and metallographic observation. The sample was cut down to small pieces in a designed manner in various directions and at different positions for micro-structure observation. Induced coupled plasma emission spectroscopy (ICP) was used for the determination of content of manganese and silicon, molybdenum blue colorimetry for phosphorus, combustion CO 2 absorption method for carbon and sulfur, and inert gas fusion extraction method for oxygen and nitrogen. For the metallographic observation, the specimens were etched to reveal solidification structures and g structure, respectively. The etching reagents were a saturated picric acid for the dendrite structure revelation and a nital or a mixture of picral and nital for the prior-g structure revelation. The secondary dendrite arm spacing, S 2 , was determined by the linear intercept method, by counting the numbers of arms over a given length of the primary arm, through the optical microscopic observation in the L section. Since the g grain structure is columnar, the width of the columnar grain is defined as the d g . 8, 11) Therefore, the g grain structure was observed in the Z section. The g grain size, d g , was calculated by the following square conversion: (1) where A g is the observed area and n is the number of g grains. In the etched micro-structure, film-like a grains were observed along the g grain boundaries. 12, 13) The film like a grains were used as markers for the g grain boundaries.
Results and Discussions

Columnar g g Grain in Low Carbon Steel by Thin
Slab Casting Simulator Using the developed simulator, we were able to prepare nine heats with a variety of chemical compositions and d g at the 22 mm depth from the surface as summarized with various experimental conditions in Table 3 .
The carbon content varies between 0.049 mass% and 0.47 mass%, and two levels of 0.05 mass% and 0.14 mass% are focused. The phosphorus content alters between 0.022 mass% and 0.103 mass% and Heat 9 has the tin content of 0.1 mass%. The content of silicone is mainly around 0.12 mass% with some exceptions and that of manganese around 0.6 mass%. Other impurities like sulfur, oxygen and nitrogen are enough low to avoid their influence on the results.
The d g varies between 1.5 mm and 0.5 mm at the average cooling rated from 2.5 to 4.4 K/s.
First of all, in order to validate the micro-structural similarity between in our method and in the practical process, we have compared the micro-structure obtained in the present method (Heat 1) with that of a commercially produced thin slab of 50 mm thickness (CC slab). Table 4 shows the chemical composition of CC slab that is almost comparable to that of Heat 1. The macro-structures in the longitudinal cross section of Heat 1 and CC slab are shown in Fig. 3 . They show very similar morphology with fine columnar g grain evolved from the surface to the vicinity of the center for the low carbon steel case. Figure 4 shows the change of the secondary dendrite arm spacing (S 2 ) by the distance from the surface for Heat 1 and CC slab. The secondary dendrite arm spacing becomes larger along with the depth from the surface. Heat 1 plots show a very good agreement with CC slab ones.
According to the following Suzuki's 14) equation, the cooling rates during solidification, r, of 2 and 30 K/s are derived at the depth of 22 and 5 mm, respectively, since the © 2008 ISIJ where r is the cooling rate in K/s. Figure 5 reveals the g grain structure of Heat 2 in the longitudinal cross section. The g grain shows the columnar morphology with somewhat diverted directions of each grain from the surface to the center as presented in Fig. 5 (Heat 2 in the longitudinal cross section). In the g grain revelation in the Z section, we can derive the average value of the short axis of grain as d g in the present study as already described. Figure 6 shows the change of d g by the distance from the surface for Heat 1, Heat 2 and CC slab. The d g of Heat 1 is almost equal to that of CC slab at the given distance from the surface. And further, the change of d g by the distance is parallel to each other even for Heat 2.
Hence, it is evident that using our simulator we can reproduce both at the macro-and micro-structure morphology in the as-solidified samples in good accordance with those made by thin-slab casters for the present experimental conditions.
g g Grain Change by Carbon
Carbon is intrinsically an f.c.c. stabilizer that widens the g region by an increase in content up to 0.2 mass%. With higher carbon content, on the other hand, the liquidus decreases. Therefore, an unstable solidification takes place when the carbon content becomes around 0.1 mass% presumably because the steel composition may be close to the peritectic point with the combination of other alloying element such as manganese and silicon.
Yasumoto et al. 5) have reported that both d g and the transformation temperature to g single phase increase with an increase in carbon content up to the peritectic point and beyond that point they decrease with any third elements as shown in Fig. 7 for the normal case. Figure 7 also shows the d g at the depth of 22 mm from the surface by carbon content for some heats made by our simulator. To separately discuss the effect of carbon content, the heats in this figure are limited to Heats 1, 4, 6, 7 and 8 so that the average cooling rate has a small scatter between 3.88 and 4.41 K/s. Yoshida et al. 15) previously decided the experimental relationship in low carbon steel based on the CGGM model as d g ϭ1.52Ṫ Ϫ0.5 . The solid triangle in Fig. 7 stands for the g grain size estimated at the cooling rate of 4 K/s according to the CGGM model with T rg value of 1 737 K which is g single phase temperature for this steel composition and also close to fitted T rg value in CGGM equation above, for the comparison with our results. It does not show a large discrepancy from our results taking it into consideration that the previous experimental results from 0.1 to 2 K/s used in the CGGM calculation shows a certain negative deviation in slope from the fitted line.
Anyway in phosphorus. With higher phosphorus content the d g is evidently finer at the given carbon content. According to the interpretation based on CGGM by Yoshida et al., 15) the g grain rapidly grows immediately after the phase transformation into a g single phase and therefore the rapid grain growth starting temperature is primarily the predominant factor in the evolution of g grain at the same cooling rate. Accordingly, our simulator can reproduce the previously reported effects of both carbon content on d g at rather higher cooling rate of about 4 K/s.
g g Grain Refinement by Phosphorus
The phosphorus addition greatly refines d g 7,9) since phosphorus is the strongest b.c.c. stabilizer. This is one major reasons according to the CGGM mentioned above. And in the former section, the phosphorus addition showed actually the further refinement with the similar carbon contents. One more issue to consider is that this element is apt to be segregated. A fairly stable retained d phase may easily form and may be stable to lower temperature range, which not only pins the g grain growth but prevents the completion of phase transformation from d to g. These mechanisms are fundamentally valid for any b.c.c. stabilizing element if it is sufficiently segregated.
Yoshida et al. reported that the phosphorus addition up to 0.2 mass% to a low carbon steel continuously cast with the thickness of 100 mm refined the d g from approximately 1.6 to 0.8 mm. 7) Hirata et al. also observed the similar refinement by the phosphorus addition in the 2 mm thick strips made by a strip casting simulator.
10) The d g was 2.53, 0.13 and 0.08 mm in the strip with the phosphorus addition of 0.01, 0.1 and 0.2 mass%, respectively. Thus, the remarkable effect of phosphorus to refine the d g is evident. However, how the minor addition of phosphorus influences the refinement has not yet been clarified.
Hence, the detailed addition of phosphorus between 0.01 and 0.1 mass% was elucidated. Figure 8 indicated the change of d g by the phosphorus content with a highlight of different carbon levels of about 0.05 mass% and 0.15 mass%. In both carbon levels, the phosphorus addition refines the d g almost linearly up to 0.05 mass%. Figure 9 shows the experimental results including those of other investigations with 100 mm slab and 2 mm strip mentioned above. We can see that the detail behavior of g grain size change in low phosphorus region was clarified and there are still possibility that in other experimental methods the steep slope in low phosphorus region could be observed if investigated.
In the usual way of thought, more gradual change can be expected even if the segregation degree is accelerated by the increment of phosphorus. Such abrupt change of g grain size may be partially explained as follows, as is recently proposed. 16) In the usual solidification and subsequent cooling process, the peritectic reaction (dϩL→g) takes place in the inter-dendritic region because f.c.c. stabilizing elements such as carbon and manganese segregates there. However, if b.c.c. stabilizing solute element such as phosphorus is strongly segregated in the inter-dendritic region, b.c.c. stabilizing effect by phosphorus exceeds f.c.c. stabilizing effect by carbon and manganese. Then, liquidus temperature is significantly lowered and pretitectic reaction is suppressed there. Subsequently g phase forms in the d phase region by d/g transformation earlier than in the interdendritic region. Resultantly, the completion of the transformation into a g single phase occurs at far lower temperature range compared with usual peritecitc reaction. If this mechanism begins to work in low phosphorus range and predominates with increasing phosphorus content, the sharp reduction and subsequent slight change of g grain can be understandable.
g g Grain Refinement by Tin
In order to prove the idea generally that each b.c.c. stabilizing element has the effect of g grain refinement, we expanded the scope of the kinds of element and attempted the addition of tin. As is well known, tin is traditionally regarded as a harmful element in steel from the viewpoint of hot shortness in the combination with copper and toughness. However, since it is intrinsically a b.c.c. stabilizer, the d g refinement effect might be beneficial to prevention of hot shortness and improvement of mechanical properties even when it remains in steel. B.c.c. stabilizing ability of tin and phosphorus is summarized in Table 5 with the content of gloop nose and temperature change of A 4 and A 3 points. 17, 18) As we can see in this table, tin is expected not so strong b.c.c stabilizing element as phosphorus but may be promising enough to have d g refinement effect.
© 2008 ISIJ In almost the same casting condition as those with phosphorus, we soundly cast the ingot with tin. And we obtained d g as shown in Fig. 10 together with the results with phosphorus in terms of total content of additional b.c.c. stabilizer (phosphorus and tin). Only one point (solid diamond shape) obtained for tin, the g grain size with 0.1 mass% tin was reduced to approximately half of that without tin (double diamond shape) which is estimated using the results of 0.049 mass% and 0.14 mass% carbon with low phosphorus by interpolation to 0.08 mass%. Although we cannot separate the effect of phosphorus and tin strictly, tin can be regarded to have d g refinement effect compatible with phosphorus at this composition range. Solid-liquid equilibrium distribution coefficient of solute element in the iron binary phase diagram can be thermodynamically calculated and obtained as 0.32 and 0.20 for phosphorus 15, 17) and tin, 17, 19) respectively. It is considerable that the difference in this parameter might compensate for the disadvantage of tin having the larger g-loop nose content and smaller A 4 temperature decrease slope than phosphorus since smaller distribution coefficient leads to higher segregation during solidification.
Combining the results obtained in the present study, we may say that b.c.c. stabilizing elements are universally quite effective for d g refining due to their micro-segregation and suppression of g grain growth. Investigations on other b.c.c. stabilizing elements will be promising future works.
Conclusions
Evolution of columnar g grain in low carbon steel in thin slab casting simulator was studied and g grain refinement by additional b.c.c. stabilizing elements was investigated. The findings are summarized as follows;
(1) The present ingot produced by our developed cast simulating apparatus can successfully reproduce the continuously cast thin slab from the view point of internal solidified structure.
(2) With carbon addition, the g grain size shows a fairy good agreement with the g single phase temperature of equilibrium phase diagram, indicating a peak around the peritectic point.
(3) Phosphorus, the strongest b.c.c. stabilizing element, was found to have a great effect on g grain refinement. Low phosphorus content up to 0.05 mass% is enough to change the g grain to about a half size.
(4) Tin was found to have compatible effect with phosphorus on g grain refinement with 0.1 mass%.
(5) B.c.c. stabilizing elements such as phosphorus and tin would be quite useful to micro-structure control during solidification and cooling process. Table 5 . Effect of phosphorus and tin on bcc stabilization in Fe-M binary alloys.
Fig. 10.
The g grain size change by the content of additional elements, phosphorus and tin.
